Oscillator strengths of 23 electric-dipole-allowed bands of 14 N 2 in the 86.0-89.7 nm ͑111 480-116 280 cm −1 ͒ region are reported from synchrotron-based photoabsorption measurements at an instrumental resolution of 6.5ϫ 10 −4 nm ͑0.7 cm −1 ͒ full width at half maximum. The absorption spectrum comprises transitions to vibrational levels of the c n 1 ⌸ u ͑n =3,4͒, o 3 1 ⌸ u , and c n+1 Ј The experimental f-value and line-width patterns inform current efforts to develop comprehensive spectroscopic models for N 2 that incorporate rotational effects and predissociation mechanisms, and are critical for the construction of realistic atmospheric radiative-transfer models.
I. INTRODUCTION
The excitation of molecular nitrogen and its subsequent dissociation are important drivers of the chemical dynamics in the upper atmosphere of the Earth and in other nitrogenrich planetary atmospheres. For example, airglow emission in the extreme-ultraviolet and vacuum-ultraviolet spectral regions, attributable to N 2 following photoexcitation or electron-impact excitation, has been observed terrestrially 1, 2 and in the atmospheres of Titan [3] [4] [5] and Triton. 6 In all cases, difficulties remain in the interpretation of the observations and in the understanding of the resulting chemical and radiative dynamics. More generally, the modeling of many upperatmospheric photochemical processes [7] [8] [9] [10] [11] requires a detailed understanding of the photoabsorption spectrum of 14 N 2 and its isotopic variants.
The onset of the electric-dipole-allowed absorption spectrum from the X 1 ⌺ g + ground state of N 2 occurs near 100 nm, with all dipole-accessible excited levels lying above the first dissociation limit and subject to predissociation. The patterns of vibronic spacings, line widths and absorption oscillator strengths for the excited levels of N 2 are highly erratic. The main irregularities of the spectrum were first explained successfully [12] [13] [14] by invoking strong interactions between two valence states, b 1 ⌸ u and bЈ 1 ⌺ u + , and three Rydberg series: the np and np series converging to the X 2 ⌺ g + ground state of the ion, and the ns series converging to the first excited state A 2 ⌸ u . In the following, we refer to the Rydberg states using the traditional labels c n+1 Ј and c n for, respectively, the ⌺ and ⌸ components of a p-complex, and o n for a coreexcited ⌸ state. The homogeneous interactions between these states, 1 ⌸ u ϳ 1 ⌸ u and 1 ⌺ u + ϳ 1 ⌺ u + , were studied in detail by Stahel et al., 15 who employed a coupled-channels model constrained by an experimental database of vibronic term values, rotational constants, and relative dipole strengths determined from electron energy-loss spectra. 16 Rotational interactions between 1 ⌸ u and 1 ⌺ u + states were not incorporated in this model. Spelsberg 27 and Khakoo et al. 28 have reported applications of the CSE model to the interpretation of electron-impact excitation spectra. Early optical measurements 29, 30 of N 2 band oscillator strengths suffered from saturation effects associated with insufficient spectral resolution. 31 Electron-scattering measurements are not subject to saturation effects but, due to their inferior spectral resolution, require the deconvolution of highly blended features in the extraction of band f-values. Geiger and Schröder 16 reported relative intensities in the N 2 energy-loss spectrum of 25 keV electrons at a resolution of 10 meV full width at half maximum ͑FWHM͒ and Chan et al. 32 determined N 2 band f-values from energy-loss spectra of 8 keV electrons at a resolution of 48 meV FWHM. Predissociation line broadening is generally less pronounced in the absorption bands shortward of 90 nm than in those reported previously at longer wavelengths. 20, 21, [33] [34] [35] While there is no comprehensive line-width database, there have been laser-based measurements of a few selected bands in this region [36] [37] [38] as well as photofragment studies [39] [40] [41] [42] that reveal predissociation yields and dissociation product branching ratios. The strong homogeneous and rotational interactions among the singlet and triplet states of N 2 can produce striking rotation-dependent effects on line strengths and widths. Within the spectral region studied in this report, Helm et al. 36 reported the rotational dependence of line widths in the c 4 Ј͑4͒ 44 Most bands in this study display anomalous P-, Q-, and R-branch intensity patterns and are characterized by a marked rotational dependence of band f-values. It is the upper-state wave function that is primarily responsible for these variations and, accordingly, the band f-values measured here are indexed by JЈ, the upper-state angular-momentum quantum number.
The JЈ-dependences of the measured band f-values and predissociation line widths are modeled as simple polynomials and extrapolated to zero nuclear rotation, allowing direct comparison with CSE molecular models 15, 17, 18 that do not account for rotational effects.
The uncertainties in individual line f-values from all sources, including statistical uncertainties of the fitted parameters ͑typically 10%͒ and systematic uncertainty in the spectrometer column density ͑ϳ10%͒, are estimated to range from 10% to 30% ͑1 standard error͒. Line width uncertainties are տ15% and vary widely.
III. RESULTS AND DISCUSSION
Summaries of our f-value and line-width measurements are presented in Tables I and II, respectively. A detailed listing of experimental f-values and widths for individual rotational lines can be accessed through the EPAPS data deposi-tory of the AIP. 45 Table III lists the newly determined extrapolated, rotationless, band f-values. Also listed are rotationless band f-values derived from CSE calculations 15, 17 as well as room temperature band f-values determined by electron energy-loss spectroscopy. 16, 32 Comparison with the latter is only appropriate for bands free from significant rotational perturbations.
Overall, there is reasonable agreement between our rotationless band f-values and the normalized f-values of Geiger and Schröder. 16 The current measurements of the b͑16͒ − X͑0͒ and bЈ͑13͒ − X͑0͒ bands suggest ϳ3ϫ larger f-values than determined by Geiger and Schröder 16 and the intervening c 4 Ј͑4͒ − X͑0͒ and c 3 ͑4͒ − X͑0͒ are much weaker. This may be due to an incorrect partition of the total cross-section across these four bands which are overlapped in the lowresolution spectra of Geiger and Schröder. 16 Also, the f-values of these bands have a strong JЈ dependence, hampering the comparison of rotationless f-values with a lowresolution experiment. Excluding these four bands, the f-values of Geiger and Schröder 16 are, on average, 18% larger than those determined from the current experiment.
The f-values deduced by Chan et al. 32 from their electron energy-loss spectra are consistently higher than our results, by a factor of 1.3-2.7. Our previous publications 20, 21 show a similar discrepancy for the N 2 bands at longer wavelengths and provide further discussion. However, no conclusive explanation has been found for the systematic differ- 32 and this experiment for c 3 ͑4͒ − X͑0͒, most likely due to the same resolution effects discussed above regarding the results of Geiger and Schröder. 16 There is good agreement between the band f-values determined by the current experiment and the coupled-channels modeling of Stahel et al. 15 and Spelsberg and Meyer. 17 The present measurements are consistently ϳ20% lower than modeled by Stahel et al. 15 and ϳ25% below the results of Spelsberg and Meyer. 17 These differences are consistent with the level of agreement found in our previous experiments. 20, 21 Unusual disagreement exists for the bands b͑17͒ − X͑0͒ and o 3 ͑4͒ − X͑0͒, the current measurements yielding only 45% and 26%, respectively, of the oscillator strength modeled by Stahel et al. 15 but demonstrating the usual agreement with Spelsberg and Meyer. 17 Similarly, our b͑18͒ − X͑0͒ f-value is twice as large as Stahel et al. 15 have predicted. As shown previously, 18 an incorrect relative sign was adopted by Stahel et al. 15 for the o − X and b − X diabatic electronic transition moments leading to incorrect CSE model f-values for the o − X transitions and their perturbation partners.
Also included in the accompanying data archive 45 are f-value measurements for the bЈ͑3͒ − X͑0͒ band. This is in the interest of completeness regarding a previous publication 20 in this series of reports. The following paragraphs provide a band-by-band summary of our observations. Unless noted otherwise, it can be assumed that the relevant predissociation line widths are Շ0.1 cm −1 FWHM, the minimum detectable line width.
A. b"15… − X"0…
Multiple lines from this band are visible for JЈ Յ 10 but are all weak or blended and only an upper limit on the rotationless band f-value could be determined. However, a few higher-rotation lines ͑JЈ =15-20͒ with greater strength appear among the lines of the bЈ͑11͒ − X͑0͒ band. The f-values of these lines have been measured and show no discernible branch dependence.
B. bЈ"12… − X"0…
Rotational lines have been observed up to JЈ =16 in the P branch and JЈ =21 in the R branch. A weak linear JЈ dependence of band f-values is observed with no detectable difference between the two branches.
C. b"16… − X"0…
This weak band appears amid the high-rotational lines of crease in band f-value explains why the JЈ = 0 value measured in this experiment is less than the band-averaged f-value of Geiger and Schröder. 16 The three excited levels c 4 Ј͑4͒, c 3 ͑4͒, and bЈ͑13͒ are strongly coupled, forming a complex of bands which has been studied previously by Yoshino et al. 46 and Walter et al. 42 The intensity patterns of these bands have no straightforward explanation, due to the complexity of the upper-state interactions. The photofragment intensities measured by Walter et al., 42 following excitation from the aЉ 1 ⌺ g + metastable state, are not directly comparable to f-values of transitions from the ground state but show a similar degree of rotational variation.
Helm et al. 36 measured rotationally resolved line widths for c 4 Ј͑4͒, which increase from 0.016 cm −1 FWHM at JЈ = 1 to 0.17 cm −1 FWHM at JЈ = 19. No line broadening was observed in the current experiment even though the greatest line widths of Helm et al. 36 should be detectable.
E. c 3 "4… − X"0…
Yoshino et al. 46 assigned the rotational series of c 3 ͑4͒ and bЈ͑13͒ so that they cross near JЈ = 9 whereas Walter et al. 42 adopted an adiabatic assignment of term values as is done here. The P-and R-branch lines are easily observed, while the Q branch is entirely absent. Evidently, the P and R lines borrow their intensity from transitions to the surrounding 1 ⌺ u + states. Therefore, this band has insufficient intrinsic strength to be detected by the present experiment and appears purely because it is perturbed by the e-parity levels of the 1 ⌺ u + states for JЈ Ͼ 0. For this reason, no rotationless f-value could be determined directly and only an upper limit is listed in Tables I and III. The P-and R-branch f-values increase quadratically with JЈ͑JЈ +1͒ as far as JЈ = 8. Following the avoided crossing with bЈ͑13͒ at JЈ ϳ 9, the transitions to c 3 ͑4͒ rapidly decrease in strength and are observed up to JЈ = 15. The c 3 ͑4͒ line widths determined by Helm et al., 36 extending to JЈ = 13, are all Ͻ0.1 cm −1 FWHM and below the minimum detectable line width of our experiment.
F. bЈ"13… − X"0…
R-branch lines were observed up to JЈ = 19 and P-branch lines up to JЈ = 10. Because of increasing rotational mixing with c 3 ͑4͒, the band f-values of bЈ͑13͒ − X͑0͒ decrease rapidly up to JЈ = 8 and then increase again. The experimental band f-values of Geiger and Schröder 16 are not comparable to our extrapolated rotationless f-values because of this JЈ dependence. No line broadening of bЈ͑13͒ was detected, which is consistent with the experimental line widths determined by Helm et al. 36 of ϳ0.07 cm −1 FWHM for JЈ =3-5.
G. b"17… − X"0…
Twenty-one unblended lines, all for JЈ Յ 9, were measured. These lines show no JЈ or branch dependence and a weighted mean of all band f-values is taken as the estimated rotationless f-value, 0.51ϫ 10 
H. o 3 "4… − X"0…
Transitions up to JЈ = 22 were observed in both the e-and f-parity levels. An energy level perturbation, and resultant line strength sharing with bЈ͑14͒ − X͑0͒, indicates a level crossing in the term series of o 3 ͑4͒ and bЈ͑14͒ between J = 17 and 18 ͓see also the section on bЈ͑14͒ − X͑0͔͒. The current assignments 45 of e-parity levels for JЈ = 20 and 21 differ from previous values 47 with two blended lines at 132 380 cm −1 newly distinguishable because of an asymmetrical combined line shape.
Because of intensity sharing with bЈ͑14͒ − X͑0͒, the experimental band f-values cannot be wholly constrained by a polynomial form in Table I and are plotted in Fig. 2 . The Q-branch band f-values are unaffected by this perturbation and are clearly JЈ independent. The lowest-JЈ lines of the P and R branches converge to the same band f-value as the Q branch. The P-branch band f-values do, however, show a quadratic increase with JЈ͑JЈ +1͒ as far as JЈ = 18. The R branch is blended for 2 Յ JЈ Յ 12 and band f-values for JЈ = 13 and 14 are weaker than the Q-branch f-values, while the P branch is somewhat stronger. Stronger R-branch lines were also measured for JЈ = 20-22.
I. bЈ"14… − X"0…
This band has been followed as far as JЈ =19 in the P branch and JЈ =24 in the R branch. The measured band f-values ͑plotted in Fig. 2͒ are constant for low JЈ. However, the P branch loses strength for JЈ = 17-18 and the R branch 
48,49
The highest P-and R-branch lines are seen to be reverting to their unperturbed f-values. It was possible to measure the widths of many bЈ͑14͒ − X͑0͒ lines. These were found to be independent of JЈ, with a mean value of 0.19Ϯ 0.05 cm −1 FWHM.
J. b"18… − X"0…
Many lines from all three branches are visible in our spectra, though only a subset of these, JЈ =4-11 in the Q branch and JЈ = 7 in the P branch, are unblended and strong enough to be analyzed. No JЈ dependence in the band f-values was detected.
K. bЈ"15… − X"0…
Strong P and R branches are followed to JЈ = 21 and 22, respectively, with f-values gradually decreasing. We also tentatively suggest that the R branch is slightly stronger than the P branch for high JЈ. Measured line widths are found to decrease approximately linearly with JЈ͑JЈ +1͒ from 0.17Ϯ 0.03 cm −1 at JЈ = 0 to below the measurable limit of ϳ0.1 cm −1 by JЈ = 16.
L. b"19… − X"0…
This weak band appears at the tail end of the bЈ͑16͒ − X͑0͒ spectrum. Many lines are visible but only two of them, JЈ = 2 and 8 in the Q branch, could be quantified. The mean of these two lines is taken as the best estimate of the rotationless band f-value.
M. b"20… − X"0…
Weak lines appearing amid the strong bЈ͑16͒ − X͑0͒ band have been assigned to b͑20͒ − X͑0͒. Sixteen lines in the P and R branches have been identified, with line energies and e-parity term values listed in the EPAPS data archive. 45 Molecular parameters were calculated from these term values, giving T 0 = 114745.76Ϯ 0.5, B = 1.07Ϯ 0.02, D = ͑7 Ϯ 2͒ ϫ 10 −4 , and H = ͑10Ϯ 5͒ ϫ 10 −7 cm −1 . Band f-values of P-branch lines for JЈ =2-4 and 7-9 are found to scatter widely, apparently decreasing with increasing JЈ. We have not determined a rotationless f-value from these measurements, the P-branch f-values very likely being influenced by an interaction with bЈ͑16͒.
Many of the lines attributed to this band have been previously noted but not assigned. 43 The b͑20͒ − X͑0͒ lines are interspersed with higher-rotational lines of c 4 Ј͑5͒ − X͑0͒ and c 3 ͑5͒ − X͑0͒, which are also newly assigned. It has been possible to partition the observed features between these three bands by requiring continuity of the analyzed band f-values.
N. bЈ"16… − X"0…
This is the strongest band in the spectral region covered by this publication with 40 lines measured, progressing up to JЈ = 24. These exhibit a gradual decrease in band f-value with no apparent divergence of the P and R branches.
O. c 3 "5… − X"0…
This band has been assigned rotationally for the first time, 45 but many of the lines attributed to it have been detected previously. 
Q. o 3 "5… − X"0…
It has been possible to make the first assignments of heavily-mixed members of the o 3 ͑5͒ − X͑0͒ Q branch ͑JЈ =3-12͒, as well as higher-rotational lines of the P and R branches ͑JЈ =8-17͒, with transition energies and term values listed in the EPAPS data archive. The P and R branches appear much more strongly than the Q branch because of a level crossing with bЈ͑17͒ between JЈ = 15 and 16. Intensity borrowing from the much stronger bЈ͑17͒ − X͑0͒ band results in rapidly varying band f-values for both bands, plotted in Fig. 4 . The o 3 ͑5͒ − X͑0͒ P branch appears more strongly than the R branch for JЈ below the crossing point and the reverse is true for higher JЈ. A similar P / R intensity interference effect resulting from a rotational perturbation is discussed in the section concerning bЈ͑14͒ − X͑0͒.
The JЈ-dependent broadening of the e-levels reaches a maximum of 0.57Ϯ 0.12 cm −1 FWHM at JЈ = 12 and decreases for higher JЈ.
R. bЈ"17… − X"0…
This strong band was analyzed as far as JЈ = 21 and 23 in the P and R branches, respectively, and for JЈ Յ 13 the measured band f-values ͑plotted in Fig. 4͒ are unperturbed, except for the P being slightly weaker than the R branch. The JЈ =14 P-branch f-value is reduced due to the crossing with o 3 ͑5͒ discussed in the previous section and the same is observed for JЈ =15 in the R branch.
This band is broadened by predissociation. The average width of lines having JЈ Յ 5 is 0.23Ϯ 0.05 cm −1 FWHM. The width decreases to 0.1 cm −1 FWHM for JЈ = 9 and increases again for 13 to 15.
S. c 4 "0… − X"0…
The upper level of this band is strongly rotationally coupled to c 5 Ј͑0͒, as well as being weakly perturbed by b͑22͒
with an observed level crossing between JЈ = 8 and 9. This 
T. b"22… − X"0…
This band appears in our experimental spectra but is too weak to be analyzed reliably, except for the JЈ =9 P-and R-branch lines which borrow significant strength because of a level crossing with c 4 ͑0͒. These two lines are identifiable by a reliable combination difference. 51 The R-branch line is blended, but the P-branch line has been measured to have a strength comparable to that lost by the corresponding c 4 ͑0͒ − X͑0͒ line. Only an upper limit can be placed on the rotationless band f-value, based on the noise level of the spectra in the region where the b͑22͒ − X͑0͒ band head is located. 
V. b"23… − X"0…
Only a few lines of this band are discernible above the background noise, and in some cases these are overlapped with lines of bЈ͑18͒ − X͑0͒, their presence being suggested by the resultant blends which are too strong to be attributed purely to bЈ͑18͒ − X͑0͒. The measured band f-values are too few and too widely scattered for conclusions to be drawn concerning the relative strengths of the P, Q, and R branches of b͑23͒ − X͑0͒ and possible JЈ-dependencies. The mean band f-value for the four measured lines is given in Table I .
W. bЈ"18… − X"0…
In this strong band, f-values rapidly decrease with JЈ in both the P and R branches, which disappear altogether in our spectra by JЈ = 15. There is a resurrection of line strength after this, with measurable R-branch lines for JЈ = 19-22 and additional R-and P-branch lines clearly visible but too weak to be parameterized. This analysis has resulted in some new high-rotational assignments listed in the accompanying data archive. 45 
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